The formation of monogamous pair bonds, by prairie voles, is facilitated by activation of dopamine (DA) D 2 -like, but not D 1 -like, receptors within the nucleus accumbens (NAcc) shell. Because DA exerts opposing regulation of cAMP production depending on the subtype of receptor activated, we tested the hypothesis that DA regulation of pair bond formation is mediated via the cAMP signaling cascade. Consistent with activation of D 2 -like receptors, decreasing cAMP signaling, by blocking cAMP binding sites on protein kinase A (PKA), facilitated partner preference formation. Conversely, increasing cAMP signaling, by preventing the activation of inhibitory G-proteins, activating stimulatory G-proteins, or stimulating PKA prevented the formation of mating-induced partner preferences. These manipulations were effective in the shell, but not the core, of the NAcc. Together, these data demonstrate opposing regulation over pair bond formation by cAMP signaling within the NAcc shell.
Introduction
Prairie voles (Microtus ochrogaster) are a monogamous species of rodent in which mates form life-long pair bonds (Dewsbury, 1987; Carter and Getz, 1993) . In addition to being an ideal model for studies of social attachment (Wang and Aragona, 2004; Young and Wang, 2004) , the naturally occurring association between pair bonded mates provides an ethologically sound model for investigating the neurobiology of adaptive learning (Aragona et al., 2003; Insel, 2003) . Among the brain regions important for this process is the nucleus accumbens (NAcc), as it is critical for learning related to motivation (Di Chiara et al., 2004; Kelley, 2004; Wise, 2004; Everitt and Robbins, 2005; Nestler, 2005) . Because a great deal of motivated behavior is centered around social interactions (e.g., finding mates and rearing offspring), it is not surprising that the NAcc is essential for social attachment (Keer and Stern, 1999; Stern and Lonstein, 2001; Champagne et al., 2004; Numan et al., 2005) , including monogamous pair bonding (Gingrich et al., 2000; Liu and Wang, 2003; Aragona et al., 2006) .
Within the NAcc, pair bond formation is mediated by highly specific dopamine (DA) transmission. The strong mate preference formed by prairie voles is facilitated by activation of D 2 -like receptors within the rostral shell of the NAcc, whereas activation of D 1 -like receptors prevents this behavior (Aragona et al., 2006) . Although similar regulation has been shown for reinstatement of drug seeking (Self et al., 1996) , the opposite has been found for the motivation to seek drug (Lynch and Taylor, 2005) and for food seeking behavior (Eyny and Horvitz, 2003) . Moreover, activation of both receptor subtypes is required for site directed self-administration of DA agonists (Ikemoto et al., 1997) . Given such disparate findings, the nature of DA receptor regulation of motivated behavior is controversial. Therefore, the goal of the present study was to determine a mechanism by which NAcc DA can have the receptor-specific regulation shown previously to mediate pair bond formation (Aragona et al., 2006) .
Opposing behavioral regulation by D 1 -and D 2 -like DA receptors is expected, because their categorization is based on opposing regulation over intracellular signaling (Missale et al., 1998) . D 2 -like receptors are bound to inhibitory G-proteins, which decrease the production of cAMP (Missale et al., 1998; Neve et al., 2004) . Conversely, D 1 -like receptors are coupled with stimulatory G-proteins, and activation of these receptors increases cAMP production, which acts primarily through binding protein kinase A (PKA) (Missale et al., 1998; Neve et al., 2004) . Given that DA exerts opposing regulation over cAMP signaling, we hypothesized that this system is responsible for the opposing dopaminergic regulation over pair bond formation (Aragona et al., 2006) . Because D 2 -like receptor activation promotes pair bonding (Gingrich et al., 2000; Liu and Wang, 2003; Aragona et al., 2006) , we first tested whether decreased cAMP signaling, within both the NAcc core and shell, facilitates pair bond formation. Then, because D 1 -like activation antagonizes pair bonding (Aragona et al., 2006) , we tested whether increased cAMP signaling prevents pair bond formation.
Materials and Methods
Subjects. Subjects were sexually naive male prairie voles from a laboratory breeding colony described in detail previously (Aragona et al., 2003; Liu and Wang, 2003) . Ovariectomized females served as stimulus animals. Subjects were assigned into either the 6 h cohabitation or 24 h mating group, followed by a partner preference test (see below). For manipulations that required mating (24 h mating), females were estrogen primed with subcutaneous estrodial benzoate pellets implanted 4 d before pairing. All behavioral interactions during 6 h cohabitation and 24 h mating were videotaped for detailed behavioral analysis.
Stereotaxic cannulation and microinfusion. Subjects were anesthetized with sodium pentobarbital (2.5 mg per 40 g body weight), and 26 gauge bilateral guide cannulas (Plastics One, Roanoke, VA) aimed at NAcc were implanted stereotaxically [nose bar Ϫ2.5 mm; 1.6 mm rostral, Ϯ1 mm bilateral, 4.5 mm ventral (for shell), 3.5 mm ventral (for core) to bregma]. After 3-5 d recovery, subjects received microinfusions (200 nl/side) of either CSF or CSF containing pertussis toxin (PTX), cholera toxin (CTX), Rp-cAMPS (Rp), or Sp-cAMPS (Sp) . It is important to note that these compounds influence additional signaling mechanisms beyond those emphasized in the present study (Yip, 2006) . Drugs were always mixed fresh before administration and dosage was based on previous literature as well as pilot tests on general locomotor activity. Microinfusions through a 33 gauge needle were made at a rate of 200 nl/min (model 210; KD Scientific, Holliston, MA) for 1 min.
Partner preference test. Pair bond formation is assessed by a threechambered apparatus, described in detail previously (Aragona et al., 2003; Liu and Wang, 2003) , which allows subjects to choose between the familiar "partner" and unfamiliar "stranger." Activity is recorded by motion sensors and social contact is scored by experimenters blind to treatment. Partner preferences were analyzed with a paired samples t test, and group differences in the frequency of total cage entries were analyzed using a one-way ANOVA. The number of cage crossings and frequency and duration of social contact during the 6 h cohabitation as well as mating bouts, frequency and duration of social contact during the 24 h mating were also recorded and compared between treatment groups with a one-way ANOVA followed by a Student-Newman-Keuls post hoc test.
Results
Decreased cAMP signaling within the NAcc shell induces partner preference formation Pair bond formation is studied in the laboratory by a "partner preference" test (Williams et al., 1992) , in which subjects are free to cohabitate with their familiar partner (housed with the subject before the partner preference test) or an unfamiliar stranger (had not previously encountered the subject). A partner preference is defined by subjects spending significantly more time in side-by-side contact with their partners compared with strangers. For male prairie voles, 6 h of nonsexual cohabitation with a female does not produce a partner preference (Winslow et al., 1993; Aragona et al., 2003; Liu and Wang, 2003) , but administration of a D 2 -like agonist within the NAcc shell induces this behavior (Aragona et al., 2006) . Therefore, this paradigm was used to test whether decreasing cAMP signaling would induce partner preferences.
Because cAMP signaling is primarily mediated through binding PKA, manipulating cAMP binding sites on PKA is a widely accepted method to study cAMP transmission Baldwin et al., 2002; Beninger and Gerdjikov, 2004; Lynch and Taylor, 2005) . The typical "cAMP antagonist," Rp-cyclic adenosine 3Ј,5Ј-phosphorothioate (Rp), is a competitive inhibitor for cAMP binding sites on PKA which maintains PKA in its inactive state (Schwede et al., 2000) . The typical cAMP agonist is the corresponding isomer, Sp-cyclic adenosine 3Ј,5Ј-phosphorothioate (Sp), which maintains PKA in its active state (Schwede et al., 2000) . Each drug was infused into either the shell or core subregion of the NAcc (Fig. 1a) . These subregions mediate different aspects of motivated learning, with the shell implicated in primary reinforcement and the core in conditioned reinforcement (Di Chiara et al., 2004; Kelley, 2004; Everitt and Robbins, 2005) . After site-directed infusions of vehicle or drug, subjects were paired with a female for 6 h of cohabitation in the absence of mating, and thereafter, tested for partner preferences.
As expected, control subjects that received CSF infusions within the NAcc (core or shell; n ϭ 8) before 6 h of cohabitation failed to show a partner preference (i.e., they displayed nonselective side-by-side contact during the partner preference test) (Fig.  2) . However, reduction in cAMP signaling within the NAcc shell (8 ng Rp; n ϭ 8) resulted in a robust partner preference ( p Ͻ 0.01) (Fig. 2) . This drug produced no effect when infused into the NAcc core (n ϭ 8) (Fig. 2) . Increased activation of the cAMP system (by infusion of 8 ng Sp) did not produce partner prefer- ences when the drug was injected into either the shell (n ϭ 8) (Fig.  2) or core (n ϭ 7) (Fig. 2) .
Drug treatment did not affect general locomotor activity, as groups did not differ in the number of center cage crosses during the 6 h cohabitation or the number of cage entries during the partner preference test (Table 1 ). In addition, drug treatment did not affect subject's social contact with the female partner during the 6 h cohabitation. Therefore, manipulation of partner preferences was not a secondary effect of drug induced changes in locomotor activity and/or initial social interactions, but rather, decreased cAMP signaling within the NAcc shell appears to directly mediate pair bond formation.
Increased activation of the cAMP system blocks matinginduced partner preference formation
We next tested the necessity of cAMP signaling by manipulating the naturally occurring partner preferences formed during 24 h of ad libitum mating (Winslow et al., 1993; Wang et al., 1999; Aragona et al., 2003) . Because activation of D 1 -like receptors prevents partner preferences (Aragona et al., 2006) , we hypothesized that increased cAMP signaling would interfere with matinginduced partner preference formation. Furthermore, as the effects on partner preferences by DA receptor manipulation (Aragona et al., 2006) and by reduced cAMP signaling (Fig. 2) are restricted to the NAcc shell, our manipulations of naturally occurring partner preferences were focused on the shell (Fig. 1b) . Additionally, cAMP signaling was increased by preventing the activity of inhibitory G-proteins with PTX or by activating stimulatory G-proteins with CTX. Immediately after vehicle or drug treatment, subjects were paired with a female for 24 h of ad libitum mating and then tested for partner preferences.
As has been shown previously (Aragona et al., 2003; Aragona et al., 2006) , subjects receiving vehicle infusions of CSF showed robust mating-induced partner preferences after 24 h of pairing (n ϭ 4; p Ͻ 0.05) (Fig. 3) . However, preventing the function of inhibitory G-proteins by PTX infusion (n ϭ 8; 20 ng) blocked mating-induced partner preferences (Fig. 3) . Activating stimulatory G-proteins with intrashell infusions of CTX (n ϭ 8; 20 ng) also blocked matinginduced partner preference formation (Fig. 3) . Consistent with G-protein manipulations, increasing cAMP signaling by activating PKA (8 ng Sp; n ϭ 7) prevented mating-induced partner preferences (Fig. 3) . However, decreasing PKA activity (8 ng Rp; n ϭ 6) did not disrupt partner preferences ( p Ͻ 0.05; Fig. 3 ).
Drug manipulations had no effect on locomotor activity during the partner preference test as indicated by the number of cage entries (Table 2 ). This is especially important because these drugs are still active 24 h after infusion (Self et al., 1994; Lynch and Taylor, 2005) . Furthermore, no group differences were found in the number of mating bouts or in the duration of social contact during 24 h of pairing (Table 2 ). Although differences were found in contact frequency during 24 h of pairing (Table 2) , they do not seem to contribute to the observed group differences in partner preference formation. Together, these data indicate that increased cAMP signaling within the NAcc shell directly interferes with pair bond formation.
Discussion
This study provides the first characterization of an intracellular mechanism regulating the formation of monogamous pair bonds. Decreasing cAMP signaling, by preventing cAMP activation of PKA, facilitated partner preferences. In contrast, increasing cAMP signaling, both by manipulations of G-proteins and PKA, prevented partner preference formation. These effects were specific to the NAcc shell, as manipulations of the NAcc core had no effect. Thus, the cAMP signaling pathway within the NAcc shell exerts opposing regulation over pair bond formation. These results are consistent with our recent findings showing that activation of D 2 -like DA receptors facilitates, whereas D 1 -like receptors prevents, partner preference formation (Aragona et al., 2006) . Together, these data support the hypothesis that opposing dopaminergic regulation over pair bond formation is mediated via the cAMP system.
There is a substantial body of evidence suggesting that decreased accumbal cAMP signaling enhances reward value. For example, decreasing the activity of this cAMP system increases the reward value of cocaine (as evidenced by increased interresponse intervals during cocaine self-administration and decreased dose necessary to produce a conditioned place preference) whereas increasing the activity of the system decreases cocaine reward (Self et al., 1994 Lynch and Taylor, 2005) . Moreover, reduced cAMP signaling within the NAcc promotes reinstatement of cocaine seeking , and conversely, increasing activity of this system prevents cocaine- induced reinstatement of drug seeking (findings that are in general agreement with manipulations of DA receptors (Self et al., 1996; Khroyan et al., 2000) (but see Bachtell et al., 2005) . Furthermore, investigations of a down stream target in the cAMP signaling cascade, the transcription factor cAMP response element binding protein (CREB) (Carlezon et al., 2005) , are consistent with decreased activity of the cAMP system mediating reward processing. Specifically, decreased CREB phosphorylation in the NAcc enhances cocaine reward and increased levels of phosphorylated CREB results in cocaine taking on aversive properties (Carlezon et al., 1998; Pliakas et al., 2001) . Importantly, this effect was observed in the NAcc shell, but not the core (Carlezon et al., 1998) .
It should be noted that the nature of opposing behavioral regulation by cAMP signaling within the NAcc is controversial because different conclusions have been reached based on studies using different behavioral paradigms. The negative relationship between cAMP signaling and drug seeking may be specifically related to primary reward and not other aspects of the behavior, such as general motivation (Lynch and Taylor, 2005) . Increasing activity of the cAMP system, within the NAcc core, resulted in increased responding on a progressive ratio schedule for cocaine reinforcement (Lynch and Taylor, 2005) . This demonstrates a positive relationship between cAMP signaling and motivation to acquire drug. Further, a positive relationship has generally been found between cAMP signaling and food seeking (Beninger and Gerdjikov, 2004) . For example, cAMP signaling in the NAcc core is important for the acquisition of food seeking (Baldwin et al., 2002) . Thus, cAMP signaling within the NAcc mediates multiple aspects of goal-directed behavior.
Data from the present study provide an interesting contribution to the debate regarding the role of accumbal cAMP signaling in motivated behavior because pair bonding is a naturally occurring learned association and thus an ethologically sound model for the neurobiology of motivation. Similar to studies addressing the reward value of cocaine , pair bond formation is facilitated by decreased activity of the cAMP system, whereas increased activity of this system prevents this behavior. Because D 2 -like activation decreases cAMP activity (Missale et al., 1998) and facilitates pair bond formation (Aragona et al., 2006) , the current evidence suggests that the decrease in cAMP signaling during pair bond formation is mediated by activation of D 2 -like DA receptors. However, we cannot exclude a possibility that other neurotransmitters that decrease cAMP signaling in NAcc could also be involved, which needs to be addressed in further experiments.
We have shown previously that mating results in a modest increase in DA transmission within the NAcc of male prairie voles (Aragona et al., 2003) . Moderate elevations in extracellular DA will selectively activate high affinity D 2 -like dopamine receptors (Richfield et al., 1989) . Conversely, low affinity D 1 -like receptors (Richfield et al., 1989) are activated by brief, high concentration, surges in DA concentration (Cheer et al., 2007) . Therefore, the D 2 -specific mediation of pair bond formation (Aragona et al., 2006) and D 1 -specific mediation of pair bond maintenance (Aragona et al., 2006) are likely regulated by the concentration of DA released and its corresponding receptor-specific activation within the NAcc. However, studies of real-time fluctuations in DA concentration (Venton and Wightman, 2003) in prairie voles are needed.
Importantly, opposing signaling by the DA receptor-cAMP system is consistent with the anatomy of the NAcc. D 1 -and D 2 -like receptors are largely expressed on separate projection neurons (Gerfen et al., 1990) and D 2 -expressing neurons project selectively within the "indirect pathway" to the ventral pallidum (Lu et al., 1998; Kelley et al., 2005) . This is especially interesting given that the ventral pallidum is essential for pair bonding in male prairie voles (Lim et al., 2004) . Conversely, D 1 -expressing neurons project in both the indirect (via the ventral pallidum) and direct pathways (Lu et al., 1998) . However, these neurons are not activated during pair bond formation (Aragona et al., 2006 ).
The present study shows that decreased cAMP signaling specifically within the NAcc shell, but not the core, facilitates pair bond formation. Pair bonding is an associative process and, although highly interconnected, the NAcc shell and core mediate distinct aspects of associative learning (van Dongen et al., 2005) . The NAcc shell is strongly implicated in unconditioned aspects of motivated behavior through processing information related to primary reward (Di Chiara et al., 2004; Wise, 2004) . The NAcc core appears to be more important for conditioned aspects of motivated behavior (Kelley, 2004) . Although pair bonding certainly involves processing of both unconditioned and conditioned information, the shellspecific nature from the present and previous studies (Aragona et al., 2006) suggests that D 2 -like receptor mediated decreases in cAMP signaling may process unconditioned, reward-related, information necessary for pair bond formation. This is consistent with negative relationship between accumbal cAMP signaling and primary reward discussed above and with the fact that mating (Gingrich et al., 2000; Aragona et al., 2003) , a primary reward (Everitt, 1990) , facilitates pair bonding (Williams et al., 1992; Winslow et al., 1993) . Therefore, like parent-offspring bonds (Champagne et al., 2004; Numan et al., 2005) , monogamous pair bonding is a social attachment involving significant unconditioned processes mediated within the NAcc shell.
Finally, the present study focused on the canonical effector pathway downstream from DA receptors (Missale et al., 1998; Greengard, 2001; Neve et al., 2004) . However, appreciation for independent pathways continues to grow (Gainetdinov et al., 2004) . These systems, as well as other intracellular signaling systems involved in motivated behavior (Thomas and Everitt, 2001) , must be examined before a comprehensive understanding of the intracellular regulation of pair bond formation is reached. 
